In this study we have investigated the presence of apoptotic cells in renal biopsy material of seven patients with hemolytic uremic syndrome (HUS) by using an improved and stringent terminal deoxynucleotidyl nick-end labeling (TUNEL) technique. Renal biopsy material was taken in the second or third week after onset of the disease. Renal biopsy material of patients with minimal lesions nephrotic syndrome or thin basement syndrome were used as control. It has been reported that nonapoptotic cells can be labeled nonspecifically due to proteinase K pretreatment or a delay in fixation when only TUNEL technique is used. In post mortem material this delay in fixation is seen. Moreover, it has been described that mainly nonapoptotic cells that shows signs of active gene transcription can be labeled in this nonspecific way. For this reason we used the TUNEL technique in combination with a label for RNA synthesis and splicing factor (SC-35). Indeed, we found nonspecific labeling of nonapoptotic nuclei in biopsy material of HUS patients, but not in control biopsy material. By using co-labeling with RNA synthesis factor SC-35, we were able to identify true apoptotic cells. There was a significant increase (p Ͻ 0.05) in the presence of apoptotic cells in biopsy material of HUS patients compared with material of controls. About 80% of apoptotic cells were detected in tubuli and only 20% in glomeruli of the renal biopsies of HUS patients. Furthermore, most apoptotic cells were detected in those patients that had received peritoneal dialysis suggesting that there is a relationship between severity of the disease and amount of apoptotic cells. The HUS is the most common cause of acute renal failure in children. Infection with a VT-producing Escherichia coli has been strongly implicated in the epidemic form (Dϩ) of HUS (1) . The pathogenesis of HUS is hallmarked by endothelial damage of glomeruli and arterioles of the kidney. In severe cases, other organs such as brain and pancreas are involved (2) .
The mechanism by which VT causes cell damage is not clear. In vitro studies have shown that VT can bind specific to the Gb3 present on endothelial cells (3, 4) . After binding, VT enters the cell and causes inhibition of overall protein synthesis through the enzymatic inactivation of the 60 S ribosomal unit and thereby leading to cell death (5) .
Apoptosis, or programmed cell death, is characterized by series of ultrastructural morphologic changes such as cell shrinkage, membrane blebbing, and condensation of the nuclear chromatin (6) . These morphologic changes are accompanied by fragmentation of nuclear DNA into multiples of 185 bp resulting in a characteristic DNA ladder pattern on electrophoresis (7, 8) . This form of cell death is a normal physiologic process by which an organism removes damaged or unnecessary cells (9) . However, apoptosis can also be induced by a diverse array of external triggers such as ionizing radiation or infection with a variety of toxins (10) . In vitro experiments by our group showed that VT induces apoptosis in tumor necrosis factor (TNF)-␣-stimulated glomerular microvascular endothelial cells (11) . Recently, apoptosis in autopsy material of two children and biopsy material of one child with the epidemic form of HUS has been described (12) . Apoptotic cells were identified using the terminal deoxynucleotidyl transferasemediated dUTP nick-end labeling technique, also called TUNEL technique. This technique is often used to study apoptosis. A serious drawback of the TUNEL technique is that nuclei can be labeled nonspecifically due to the proteinase K pretreatment or delay in tissue fixation. Recently, it was demonstrated that mainly nonapoptotic cells that show signs of active gene transcription can be labeled by the TUNEL tech-nique in an nonspecific way (13) . The nonapoptotic cells are still active and are transcribing genes that might be related or completely unrelated to the apoptotic cell death pathway. In a true apoptotic cell the nuclear DNA is cleaved in oligonucleosomal-sized fragments and processes like DNA repair and RNA transcription/splicing are abolished. Moreover, even in the early execution phase of apoptosis, caspase 3 cleaves DNA repair enzymes like PARP (14), DNA-PKcs (15) , and the 70 kD protein complement of splicing factor U1 snRP (16) . The loss of RNA splicing can be considered as an early step in the execution phase of apoptosis. In the present study we have combined the TUNEL technique with a marker of RNA splicing (17) . True apoptotic nuclei will be TUNEL positive but RNA splicing negative, whereas nonapoptotic TUNEL positive cells will be RNA splicing factor positive. This combined TUNEL technique was applied to renal biopsies of seven patients with HUS (acute phase) versus seven patients with either minimal change or thin basement syndrome to study whether apoptosis plays a role in HUS.
PATIENTS AND METHODS
Renal biopsy material of seven patients in the acute phase of HUS was used to investigate the presence of apoptosis. The study has been approved by the applicable institutional review board. Clinical characteristics of the patients are shown in Table 1 . Light microscopy of the patients with HUS showed characteristic lesions of glomerular TMA. They involved 10% of glomeruli in patient 2 and 50%-60% of glomeruli in the others. Typical glomeruli were enlarged and showed thickening of the capillary walls with a double contour appearance due to widening of the subendothelial space. Endothelial cells were frequently swollen. Mesangial areas were enlarged with a fibrillar appearance of the mesangial matrix. In less severely affected glomeruli, the only change was a fibrillar widening of mesangial areas. Arteriolar changes were discrete in all patients and characterized by an irregular widening of the subendothelial space. By immunofluorescence microscopy, deposits of fibrin along glomerular capillary walls were observed in five patients (patients 2, 3, 5, 6, and 7). Biopsy material of patients with either minimal lesions nephrotic syndrome (MLS) or thin basement membrane syndrome (TBM) were used as control. All material was paraffin embedded.
TUNEL-labeling combined with immunohistochemical staining for RNA splicing. All biopsy material was first deparaffinized and rehydrated. Subsequently, material was incubated with 3% citric acid to remove all small calcium-containing vesicles that could be responsible for nonspecific binding (17) .
For the TUNEL technique (13), sections were incubated for 1 h at 37°C in a solution containing 25 mM Tris pH 6.6, 200 mM sodium cacodylate, 1.25 mg/mL BSA, 1.25 mM CoCl 2, 10 M dATP (Sigma Chemical Co., Poole, U.K.), 2.5 M fluorescein-dUTP (Amersham, Little Chalfont, U.K.), 50 U/mL TdT (Boehringer Mannheim, Mannheim, Germany). Incorporated fluorescein-dUTP was demonstrated with a sheep antifluorescein peroxidase-conjugated antiserum (Boerhinger Mannheim) at a dilution of 1/300 for 45 min. The labeled antibody was visualized by aminoethylcarbazole (AEC). Sections were lightly counterstained with hematoxylin and mounted in glycerin jelly.
Sections stained with the TUNEL technique were subsequently stained for splicing factor (splicing component SC-35) (13) . The TUNEL-stained sections were incubated with a mouse MAb against splicing factor (Sigma Chemical Co.) used at a dilution of 1/200 and visualized by a goat anti-mouse alkaline phosphatase antibody. Fast blue was used as a chromogen.
RESULTS
Renal biopsy material of seven HUS patients seemed to show a significant amount of apoptotic cells (about 30%) after staining with TUNEL technique alone (Fig. 1A) . However, staining with RNA splicing factor showed that most of the cells positive with the TUNEL technique were also positive for RNA splicing activity, indicating that these cells were not in the execution phase of the apoptotic process. (Fig. 1B) . The numbers of apoptotic cells were counted in five different glomeruli and surrounding tubuli in each patient and total number of apoptotic cells are shown in Table 2 . Co-labeling showed that just 2.5% of the cells (1.5% located in tubules) stained with the TUNEL technique were indeed apoptotic (Fig.  1, C-F) . However, even after co-labeling the sections (TUNEL and SC-35), renal biopsy material of HUS patients showed a significant increase (Wilcoxon test: p Ͻ 0.05) in apoptotic cells in glomeruli and tubuli compared with controls (Table 2) . Interestingly, the amount of apoptotic cells detected in tubuli of HUS patients was significantly higher (30% of total apoptotic cells) than those detected in the glomeruli. Furthermore, a much stronger positive staining for RNA splicing factor in the tubular epithelial cells was found in patients with HUS compared with controls ( Fig. 1) , indicating that there was a higher transcription activity in HUS patients. Clinical characteristics of patients are shown in Table 1 . All patients had a prodromal phase of bloody diarrhea. Interestingly, those patients who were treated with dialysis (patients 3-6) had more apoptotic cells than patients that received no dialysis, suggesting that there might be a relationship between severity of the disease and amount of apoptotic cells detected. Finding of apoptotic cells suggest that apoptosis plays a role in the pathogenesis of HUS.
DISCUSSION
In this study we used an improved and stringent TUNEL technique to detect apoptotic cells in renal biopsies. We investigated renal biopsy material of seven Dϩ HUS patients and found an increased number of apoptotic cells in glomeruli and tubuli compared with control patients with minimal lesions nephrotic syndrome or thin basement syndrome.
Endothelial damage of primarily glomeruli is a characteristic feature of HUS. Although a lot of the pathogenesis of HUS remains unclear, it has been postulated that VT plays an important role in the damage of endothelial cells of glomeruli and to a lesser extent renal arterioles (2, 18) . In several studies, a role of VT in inducing apoptosis has been suggested (19, 20) .
In vitro experiments have shown that VT binds to the Gb3 receptor found after stimulation on endothelial cells, enters the cell, and can cause inhibition of overall protein synthesis (3, 4) . In vitro studies performed with Vero-, Burkitt's lymphoma, and renal tubular epithelial cells have shown that VT can induce apoptosis (19, 21, 22, 23) . Experiments performed in our own group demonstrated that VT can also induce apoptosis in human glomerular endothelial cells in vitro by a mechanism that involves caspase 3 (11). Mitra et al. described that plasma of patients with thrombotic thrombocytopenic purpura, a disease that is closely related to HUS, can induce apoptosis in restricted lineages of human microvascular endothelial cells (24) . Furthermore, it has been described that endothelial cells undergoing apoptosis become procoagulant and proadhesive for platelets (25) .
The finding of apoptotic cells in HUS patients in vivo using a double labeling for RNA syntheses splicing factor (SC-35) together with the TUNEL-technique has not been described before. In a recent study, the presence of apoptosis was studied in biopsy material of one child and in postmortem tissue of two children with Dϩ HUS (12) . Apoptotic cells were detected in tubular structures and in lesser extent in glomeruli of the kidney. TUNEL technique was used to identify apoptotic cells. However, it has been reported that different factors such as RNA synthesis/splicing and small calcium containing vesicles can interfere with TUNEL labeling (13, 17) .
In this study of biopsy material of seven HUS patients we demonstrate that there is indeed nonspecific labeling of non- It is even possible that there is an underestimation of the amount of apoptosis, because all biopsy material we used was taken in the second week of the disease or even later and patients might be already recovering at that time. Normally, apoptotic cells are removed by macrophages in just a few hours (9, 26) . In addition to finding apoptosis, we observed an increased RNA splicing activity in biopsy material of HUS patients compared with controls. This indicates that cells were active and transcribing genes that might be related or completely unrelated to the apoptotic process. Because the induction of apoptosis normally does not require new protein synthesis, it is more reasonable to think that high RNA synthesis and splicing activity is not related to the apoptotic process. It is even possible that the high RNA synthesis and splicing activity is related to a phase of repair and re-establishment (27) . Furthermore, we found that most apoptotic cells were seen in those patients who were anuric or who received peritoneal dialysis, suggesting that there is a relationship between seriousness of the disease and amount of apoptotic cells.
In conclusion, we demonstrated the presence of apoptotic cells in glomeruli and tubuli of renal biopsy material of HUS patients. The finding of apoptotic cells suggests that apoptosis plays a role in HUS. Probably more apoptosis will be seen at an early point of time in the course of the disease.
